A Be-walled conduction cooling He(/) cryostat intended for the interval 20-80 K and the x geometry of the CAD4 X-ray diffractometer is described. Threedimensional X-ray intensity data can be collected in the interval -45 < Z < 45° with the temperature stability maintained within _ 1 K. The experimental problems caused by centering an unseen crystal and by the absorption and scattering in the Be walls are discussed. D( + )-tartaric acid, C4H606, was chosen as a test compound. Only minor differences occur in its crystal and molecular geometry between 295 and 35 K.
Introduction
Reports are rare in the literature on apparatus for use in collecting X-ray intensity data below 77 K. Most of the equipment described is 'heavy' and not readily adaptable on commercially available four-circle diffractometers (Rudman, 1976; Streib & Lipscomp, 1962; Woodley, Hine & Richards, 1971 ). Coppens et al. (1974) described a Be-walled cryostat for use on a conventional diffractometer with a full Eulerian cradle. Enraf-Nonius and Cryogenics Associates have now, together with us, constructed a similar cryostat* for the ~c geometry of the CAD4 diffractometer. The cryostat is described below together with the experimental procedure we have developed for collecting intensity data sets in the temperature range 20-80 K. D( + )-tartaric acid was chosen as a test compound since a wealth of room-temperature intensity and structural data are available (cf the IUCr Single-Crystal Intensity Measurement Project: Abrahams, Hamilton & Mathieson, 1970; ; structural data are given by Okaya, Stemple & Kay, 1966; Hope & de la Camp, 1972) . The two intermediate temperatures were obtained with a gasstream cooling apparatus operating on N2(/) (Danielsson, Grenthe & Oskarsson, 1976) . The three higher temperatures are included to make a separation feasible between effects due to the low temperature and effects caused by the cryostat. Such effects are: (i) the problem of centering the unseen crystal; (ii) variations in the temperature; (iii) background caused by scattering in the Be walls; (iv) absorption in these walls.
* Enraf-Nonius model CT78.
JAC 124 0021-8898/79/060537-08 $01.00 Fig. 1 is a schematic drawing of the instrument. It is a conduction cooling cryostat of a construction similar to the one described by Coppens et al. (1974) . The cryogen, He(/), is transferred from the storage container to a copper cooling head through a flexible 'super-insulated' vacuum line. The vent gas is exhausted through the transfer line into a He(g) recovery system used by several He(l) experimental set-ups at the Chemical Center in Lund. The crystal is located 5 mm below the cooling head in a space filled with He exchange gas. This space is insulated by three thin-walled Be cylinders with a vacuum in between and by a labyrinth formed by the lower end of the Be cylinders and an evacuated assembly of concentric cylinders mounted on the goniometer head. During operation, a stable temperature gradient is established in this labyrinth so that the lower parts of the goniometer head, including the Orings, are kept near room temperature while the crystal temperature is maintained at 20 K. The evacuated parts were pumped down to 10-5 Pa when manufactured. No further pumping has been required during the two years we have worked with the equipment. The crystal is mounted on a glass fiber using fast setting 'superepoxy' adhesive. The glass fiber is glued to a brass pin which in turn is screwed into a copper sample support soldered onto the central part of the labyrinth bottom. An electric heater and a silicon thermistor are mounted on the sample support with the sensor located about 2 mm below the crystal. The thermistors are selected to show the correct temperature characteristics of a silicon diode in the whole range 2-300 K. The He exchange gas ensures that the diode and the crystal are at the same temperature since no material with a large heat capacity is in the vicinity of the crystal. The temperature is regulated by adjusting the flow of the used cryogen gas and by balancing the electric heater against the cooling. A flow of cryogen gas of about 1.5 1 min -1 corresponding to a He(l) consumption of 0.1-0.21 h -1 is sufficient to maintain 60 K while 25 K requires a gas flow of about 6 1 min-x [0.3-0.5 1 He(1)/h]. By increasing the consumption to about 31 He(O/h, temperatures in the range 13-15 K can be reached. During operation the pressure in the He(/) storage tank and the transfer line was kept at about 1.3 kPa above the pressure in the He(g) recovery system.
Description of the instrument
The temperature stability is strongly dependent on the gas flow. Usually a variation of less than + 1 K about the mean can be obtained using an electronic regulating system to balance the heater. (We have modified a Lake Shore Cryotronics temperature controller, model DT-500, to work on both the temperature and its rate of change.) The temperature stability is better than that reached with N2(/) gasstream cooling instruments of standard design, since in those each filling of the N2(g) evaporator momentarily decreases the temperature by 3-5 K. It then rises to the preset value over 5-10 s (Danielsson, Grenthe & Oskarsson, 1976) .
The goniometer head consists of two parts ( Fig. 1 ). Part 1 is screwed onto the CAD4 tp axis shaft and it includes the sample support with heater and thermistor, the labyrinth bottom, and x,y,z adjustments. The Be end of the transfer line is tightly screwed on top of Part 2, which can be turned around Part 1 and this connection is tightened by two O-rings allowing the diffractometer ~o movements to be performed while Part 2 and the transfer line stand still.
The crystal is centered with the x,y,z adjustments of Part 1. The whole cryostat (including the crystal and the transfer line) is moved with respect to the ~o axis shaft by the x and y screws. The z screw affects only the height of the central pin of Part 1. The maximum movements are approximately 4 mm in the x and y directions and 1.5 mm in the z direction.
Before operation, the cryostat is evacuated and filled with the exchange gas via a tube and a valve mounted on Part 1. No gas leaks can be allowed. If there is a leak during operation, air is sucked into the cryostat if the pressure of the exchange gas is low or diffuses into it at atmospheric pressure. This air must ultimately pass through the labyrinth and reach the crystal compartment where it solidifies at temperatures below 63-3 K. The pressure then drops, sucking more air into the cryostat through the leak and a continuous stream of air into the crystal compartment is created. The compartment is rather quickly filled with frozen air and the disasters this may cause are easily conjectured. Leaks are detected as a sudden increase in temperature and occur sometimes at high ~: values after 10-20 h continuous operation at low temperature (25 K). These leaks are most probably at the two O-rings on the central pin of Part 1, which are tightened by the normal and ~o motions during intensity data collection. Air is prevented from reaching the crystal compartment by increasing the He exchange gas pressure to slightly above 0.1 MPa (1 atm), also at low temperature and maintaining it there. This causes the temperature variation to increase to about + 2 K.
The goniometer head and the transfer line confines the accessible part of the Ewald sphere to + 45 ° in X. Therefore, the x motion of the CAD4 goniometer is limited to the range _60 ° both by software and microswitches. Likewise, the q~ motion is limited to the range +290 ° in order to prevent the electrical connections from being torn off. Since the transfer line is suspended in a spiral spring from the ceiling, the extra load on the x arm is quite small. The limits of the K motion also prevent too much stress being passed on to the arm and to the thin and highly fragile Be cylinders from the transfer line.
Experimental procedures

Centering
The crystal is first optically centered and an orientation matrix is determined at room temperature with the transfer-line part of the cryostat removed. Care is taken to find two strong reflections with Z" 0 so one (1) of them has the x and the other (2) the y direction of the x,y,z adjustments almost perpendicular to the X-ray beam. In order to recenter the unseen crystal after cooling, one may first compensate for the thermal shrinking of the glass fiber, brass pin, etc. by increasing z by the expected amount. Since the labyrinth bottom is made of very thin sheet metal, it makes small but rather unreproducible movements during cooling, so x and y adjustments are often necessary. These adjustments are calculated from the optimum setting angles 0 (> 0) of the two reflections (1) and (2) chosen as described above and the negative 0 angles of their centrosymmetrically related counterparts, here denoted (i) and (2). Since g 0 for all four reflections, the adjustments along x = ~ 1 and y=¢2 are approximately given by (1). The reader may refer to Fig. 2(a) .
A~i~-360 ° cos(0/-07-/)"
The procedure is repeated until the differences between 0i and -~ are negligible after which the z adjustment is made using any pair (j) and (]) with strong intensity. The adjustment is given by (2) (Fig. 2b) .
Again, the procedure is repeated until the setting angles Zj and Z7 are equal. As long as no large changes in temperature occur, the crystal position remains stable.
In order to avoid errors in the intensity measurements caused by the narrow vertical profile of the graphite monochromator, the monochromator unit is not used on CAD4 in connection with the cryostat. Instead, the reflection profiles are recorded and analyzed (Coppens et al., 1974) .
Absorption in the beryllium cylinders
The metal used for the cylinders contains 98.9~ Be, 1.0% BeO and 0" 1~o impurities (A1, Fe, Mg). Absorption x 360°/rc6 (assuming X=0 and wr= -~o~) which is equivalent to equation (1). (b) The z adjustment: with the crystal at c displaced by Az = op in the z direction, the diffracted beam will hit d; instead ofdi which is the detector position; e = 6 sin 00 is the crystal to detector distance projected on the Z circle. The optimum setting angles are then X~ = Xo + dzi and Zr = ;~o -AZr (e,~r -, = -co3. Since AXr = -AXi and Opp = Az cos X0 we have g~ -Xr = Az cos Xo × 180°/roe, which is equivalent to equation (2). measurements with Mo Ke radiation (p=0-04713 mm-1, Q(Be) = 1-846 Mg m -3) gave a total thickness of the Be walls of 1.26+0.03 mm which does not vary around the cylinders. When the bisecting mode is used for intensity-data collection, the equatorial plane cuts the Be cylinders in ellipses with principal axes R and R/cos Z, where R is the cylinder radii. The short principal axes are in the direction of the bisector (Fig. 3) . The components along the principal axes of a path length r in the direction of the diffracted beam is then r sin 0 and r cos 0, so r 2 sin 2 0 r 2 cos 2 0 + -1.
(3) R2/cOs2 Z R2
If to is the total thickness of the three Be cylinders (--,0.63 ram) and t=rE-r I where rl corresponds to cylinder radius R and r2 to R + to, (3) gives t = to/(1 -sin 2 0 sin 2 Z) 1/2 .
Equation (4) is used to calculate the wall absorption correction. The ranges of the transmission factor are 0.92-0.94 for Mo Ka and 0-69-0-75 for Cu K~ radiation (0<0<70 °, -44<Z<44°).
The scattering from the beryllium cylinders The radius of the innermost Be cylinder is only 3.1 mm and as the metal is polycrystalline, a powder pattern is produced that cannot be completely shielded by the secondary-beam tunnel and the apertures in front of the detector. Fig. 4 shows the background from the Be cylinders recorded with Mo Ke radiation at 32 K using 6 mm receiving apertures• There are only minor differences compared to a curve obtained at 65 K. For sin 0/2 > 0.75 A-~, the background is the same as without cylinders and with the exception of the range containing the Be peaks, correct intensities may be estimated from oy--20 scans using an appropriate profile analysis program. If intensities below sin 0/2=0"6 are recorded with co scans, the background stays constant and is more easily accounted for.
We have investigated 420 intensities in the interval 0.1< sin 0/2 < 0"6/~-z from D( + )-tartaric acid at room temperature. The intensities were recorded with 09-20 scans both with and without Be cylinders and with pure co scans when the cylinders were mounted. The other experimental and data reduction details are similar to those given in Table 1 . Each set of structure factors was scaled by some cycles of full-matrix least-squares refinement of the scale factor and the structural parameters. The resulting sets were then compared using 6m plots (Abrahams & Keve, 1971) . Fig. 5(a) shows the comparison of the oy-20 scan data with and without Be cylinders (case a) and Fig. 5 (b) the co scan data (with Be cylinders) compared with the 09-20 scan data without cylinders (case b).
The interexperimental agreement factor ° 09--20 scans were also used throughout the 35 K data collection since these experiments were performed before those described b Refers to the absorbtion in the crystal. The 35 K data were also corrected for absorption in the Be walls. c AF = IFol-IFcl.
in Fig. 5 . than the co scan mode. Apparently these errors are caused by background from scattering in the innermost cylinder.
The crystal structure of D( + )-tartaric acid at 35, 105, 160 and 295 K
Experimental
Single crystals of commercially available D(+)tartaric acid were used (E. Merck AG, Darmstadt). The crystals were colorless with stout, trigonal prismatic habit. The space group is P2~ and no transition was detected on cooling. The unit-cell dimensions were determined at 295, 160 and 105 K from 25 0 values (Zrfiltered Mo K radiation, ).=0.709300 A). Both the method used and the N2(/) low-temperature apparatus are described by Danielsson, Grenthe & Oskarsson (1976) . Fig. 6 shows the temperature dependence of the unit-cell dimensions. The 295 K values are from Abrahams, Hamilton & Mathieson (1970) . The large motions of the then-used procedure (DETTH) to measure correct 0 values on the CAD4 imposed so much strain on the cryostat that we decided to obtain the 35 K dimensions from extrapolation as indicated in Fig. 6 . Information concerning crystal data, collection and reduction of the intensity data sets and the refinements based on them is given in Table 1 . The 35 K intensity data set was extended to sin 0/2 = 1-0 ~ -~ after calculating all intensities in the sin 0/). range 0.58-1.00 A -~ and excluding the weak ones from the measurements.
During the data collection, three standard reflections were checked at regular intervals. No systematic variations in their intensities were detected. The intensities were calculated with the peak-location method suggested by Lehmann & Larsen (1974) . Values of I and o'~(I) were corrected for Lorentz polarization and absorption effects [a~(I) is based on counting statistics-]. The absorption correction was made by numerical integration.
The structure reported by Hope & de la Camp (1972) was used as a trial structure. All non-H atoms were assigned anisotropic thermal parameters but fixed, isotropic values B=3-0, 1.6, 1.1 and 0.5 A 2 were used for the H atoms at 295, 160, 105 and 35 K, respectively. Full-matrix least-squares refinements were used minimizing Y.w(lFol-[Eel) 2 with weights w = [a2(JFo[2)/4JFoJ 2 + CffJFol2+ C2-]-1 (Table 1) . C~ and C2 were adjusted so that constant values of (w(lFoJ--JF~J) 2) were obtained in different lEo[ and sin 0 intervals. In the final cycles the parameter shifts were <0"la for all four data sets. No extinction effects were detected. The X-ray scattering factors were taken from Doyle & Turner (1968) Fig. 7(b) with 50 reflections excluded.
Thermal effects in the structure The structure as depicted in Fig. 8 consists of a threedimensional network of hydrogen bonded D(+)tartaric acid molecules (Okaya, Stemple & Kay, 1966 ). Fig. 9 shows the molecular geometry. Selected bond distances and angles are given in Table 2 . The molecular room-temperature geometry is the same as reported by 1975), but the hydrogen-bond system probably neutralizes this effect. The geometry of the hydrogen bonds is given in Table 3 . The only significant change in the O .-. O distances with temperature is in 0(4)... O(Y i) which decreases by 0.06 (1) A between 295 and 35 K.
Some thermal parameters obtained at 295 K are compared in Table 4 with those determined by Hope & de la Camp (1972) , Okaya, Stemple & Kay (1966) and by the IUCr Intensity Measurement Project . Our results are all within the ranges reported earlier. The thermal parameters are very sensitive to changes in temperature as long as intermolecular vibrations are of importance, i.e. above 20-30 K (Willis & Pryor, 1975) . This is illustrated in Fig.  9 . Mean values of flu were calculated as 'isotropic' B values for each non-H atom. These quantities are plotted vs the temperature in Fig. 10 . The plots are Okaya, Stemple & Kay (1966) values than could be expected from the higher temperatures, but we cannot exclude systematic errors caused for example by the Be cylinders and the co-20 scan mode used in the intensity data collection. (6) 0.91 (4) 0.90 (4) 1.00 (11) 0.80 (5) 0.89 (4) 0.81 (4) 0-96 (11) 106"8 (3) 106"5 (2) 106"6 (2) 107.5 (3) 110-6 (3) 110"5 (2) 110"3 (2) 111-1 (3) 108"5 (3) 108"2 (2) 108-1 (2) 108"5 (4) 112-1 (3) 
) and angles (°)for the hydrogen bonds
The superscripts i-iv are given in Fig. 8 .
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Conclusions
The He(/) cryostat described in this paper is fairly easy to operate and the experimental difficulties introduced by the Be shields and the low temperature are manageable. The worst problem is the Be scattering. Probably it cannot be removed: the Be cylinders are polycrystalline after manufacturing (Rudman, 1976) and their diameters cannot be much increased because of the physical restrictions on the diffractometer. Crystal-structure investigations of organic and organometallic compounds at 20-40 K are made near the Debye temperature, below which zero-point intramolecular movements predominate (Willis & Pryor, 1975) . Accurate parameters for the ground-state molecular geometries are then more easily obtained than at N2(/) and room temperatures, o( + )-tartaric acid gives, however, an extensive diffraction pattern at room temperature. Our investigation clearly demonstrates that in such cases very little geometrical information can be gained by collecting data at such a low temperature as 35 K. The main reason for using the He(/) cryostat is then to obtain X-ray intensity data which are accurate enough also for electron-density studies, e.g. by X-X (high-angle) syntheses. We are of the opinion that such data can be obtained using this cryostat. 
